Abstract: Three-dimensionally integrated microdisk resonators have been employed to realize Vernier filters in Silicon. Cascaded configuration of vertically-coupled microdisk resonators with dissimilar radii increases the free spectral range of filters from 5.5 nm to 23 nm.
Introduction
Micro-resonant optical cavities are versatile devices, with applications ranging from add-drop WDM multiplexers, optical filters to microdisk lasers. Their compactness facilitates dense integration of these devices on a chip. The performance characteristics of devices made using micro-resonant cavities critically depend on the coupling coefficient between these cavities and the waveguides that couple light into and out of these cavities. Vertical integration of devices on a chip is an efficient way to fabricate densely integrated three dimensional (3-D) structures, thereby enhancing the functionality of the chip. Apart from this inherent advantage, in the realization of optical waveguide structures, vertical integration offers the prospect of precise control of coupling coefficient in vertically coupled devices [1] [2] [3] . Here, the control over the critical dimension is more precise than laterally patterned structures, where the limits are set by the photolithography. Thus, it is desirable to devise technologies that can synthesize vertically-coupled microcavities, to obtain devices with optimal characteristics.
We have previously demonstrated the process of SIMOX 3-D sculpting, to realize three-dimensionally integrated optical devices in Silicon. A variety of optical devices including buried waveguides, vertically-coupled microdisk resonators and add-drop multiplexers have been realized using this technique [4] [5] [6] . This paper reports the first realization of Vernier filters based on vertically coupled microdisk resonators in silicon, in a cascaded geometry, using the technique of SIMOX 3-D Sculpting. Vernier filters, with wide free spectral ranges, are realized by cascading microdisk resonators of dissimilar radii.
Concept
SIMOX process involves the implantation of Oxygen ions into a Silicon substrate, followed by a high temperature (around 1300ºC) anneal of the substrate in order to cure the implantation damage. The process of annealing assists the formation of a continuous buried oxide layer inside the substrate as well. The thickness and the depth of the buried oxide layer are respectively determined by the implantation dose and energy. The process flow of SIMOX 3-D sculpting employed in this work is as shown in figure 1. Implantation of oxygen ions is performed on an SOI substrate that is patterned with thermally grown oxide. The oxide mask is made thick enough to completely prevent the oxygen ions from penetrating into the silicon substrate underneath the mask. After this first implantation step the wafer is annealed to cure the implantation damage, which also results in the formation of a buried oxide layer everywhere, except in those regions underneath the thermal oxide mask, as shown in figure 1. Subsequently the thermal oxide mask is removed and the wafer undergoes another implantation, at a a132_1.pdf IMG1.pdf lower energy, and annealing to form buried rib waveguides in the lower layer separated from the top layer by the oxide layer formed through the implantation. Microdisks then may be defined on the top layer using lithography and etching process.
Vernier filters are frequently employed in the synthesis of optical filters to increase their free spectral range (FSR) [7, 8] . Filters with wide FSRs are essential to WDM networks that accommodate a large number of channels. Microresonator based vernier filters may be realized by cascading two resonators of different radii. The transfer function at the drop port of the cascaded device is expressed as a product of the transfer functions of the individual filters, resulting in an increase in the FSR of the combined device, as depicted in figure 2. 
Experimental Results
A SOI wafer (made by SOITEC Inc.) with 1.050 µm of Silicon on top of a buried oxide layer of 1.0 µm thickness was oxidized and patterned using reactive ion etching process to form oxide stripes of thickness 1.00 µm, and of width 2 µm. The patterned wafer was then implanted with oxygen ions with a dose of 5×10 17 ions per cm2, at energy of 150 KeV. The implanted wafers were then annealed at temperatures as high as 1320°C, in Argon ambient. This wafer then undergoes another implantation step, with oxygen ions with a dose of 5×10 17 ions per cm 2 , at energy of 110 KeV and subsequent high temperature anneal. Figure 3 shows the SEM photograph of a buried rib waveguide structure that was fabricated employing this process. It may be seen from the figure that the process has resulted in the formation of rib waveguides in the bottom Silicon layer, separated from the continuous Silicon layer on the top by the oxide layer formed after the oxygen implantation and subsequent anneal. The non uniformities observed in the top layer silicon arise due to the volume expansion of SiO 2 after the first implantation step. 
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After the formation of the buried waveguides, microdisks are defined on the top layer using lithography and etching process. Figure 4 shows the top view of the fabricated two-stage device with cascaded microdisks of radius 20 µm and 25 µm, coupled to bus waveguides of width 2 µm. When optical energy is introduced to the input port of the device, wavelengths that are resonant with both the resonators are transmitted to the drop port, after traversing through the cascaded disk structure.
The transmission properties of the resonator were characterized using a broadband spectral source. Light was coupled into the bus waveguides using a tapered fiber, and the polarization of the input light was controlled using an inline fiber polarizer and a polarization controller. Figure 5a shows the drop port transmission response of a filter with microdisk resonators of identical radii (20 µm) compared the drop port spectra of a Vernier filter in figure 5b. The vernier filter has a FSR of 23 nm compared to that of the 5.5 nm FSR observed in figure 5a for the device with disks of identical radii (20 µm). Thus the effective FSR has been increased by more than a factor of 4, by employing vernier filters. 
Summary
Three-dimensionally integrated microdisk resonators have been employed to realize Vernier filters in Silicon. Cascaded configuration of vertically-coupled microdisk resonators with radii 20 and 25 µm was used to increase the free spectral range of filters from 5.5 nm to 23 nm. The effective FSR has thus been increased by more than a factor of 4.
